Selection of a dominant follicle, capable of ovulating, from among a cohort of similarly sized follicles is a critical transition in follicular development. The mechanisms that regulate the selection of a species-specific number of dominant follicles for ovulation are not well understood. Cattle provide a very useful animal model for studies on follicular selection and dominance. During the bovine estrous cycle, two or three sequential waves of follicular development occur, each producing a dominant follicle capable of ovulating if luteal regression occurs. Follicles are large enough to allow analysis of multiple endpoints within a single follicle, and follicular development and regression can be followed via ultrasonographic imaging. Characteristics of recruited and selected follicles, obtained at various times during the first follicular wave, have been determined in some studies, whereas dominant and subordinate follicles have been compared around the time of selection in others. As follicular recruitment proceeds, mRNA for P450 aromatase increases. By the time of morphological selection, the dominant follicle has much higher concentrations of estradiol in follicular fluid, and its granulosa cells produce more estradiol in vitro than cells from subordinate follicles. Shortly after selection, dominant follicles have higher levels of mRNAs for gonadotropin receptors and steroidogenic enzymes. It has been hypothesized that granulosa cells of the selected follicle acquire LH receptors (LHr) to allow them to increase aromatization in response to LH, as well as FSH. However, LH does not appear to stimulate estradiol production by bovine granulosa cells, and the role of LHr acquisition remains to be determined. Recent evidence suggests a key role for changes in the intrafollicular insulin-like growth factor (IGF) system in selection of the dominant follicle. When follicular fluid was sampled in vivo before morphological selection, the lowest concentration of IGF binding protein-4 (IGFBP-4) was more predictive of future dominance than size or estradiol concentration. Consistent with this finding, dominant follicles acquire an FSH-induced IGFBP-4 protease activity.
INTRODUCTION
During mammalian reproductive cycles a species-specific number of follicles is selected to complete differentiation and ovulate. Selected follicles undergo differentiative changes that enable them to secrete levels of estradiol that will elicit the preovulatory LH/FSH surge and changes that enable them to respond to the LH/FSH surge. Following the recruitment of a cohort of follicles in large mammals, such as cattle, horses, and primates, one follicle is selected for dominance and continues to grow, while growth of the others (subordinate follicles) is curtailed. Despite the critical importance of selection of the dominant follicle to ovarian function and fertility, why one follicle is selected from a group of similar follicles is still largely a mystery. Cattle provide an excellent model for studying these events because two or three waves of follicular development occur sequentially during the bovine estrous cycle (reviewed in [1] ). Each wave consists of the contemporaneous recruitment of three to six follicles to grow larger than 4-5 mm in diameter. Within several days of initiation of a wave, one follicle is selected as the dominant follicle. The dominant follicle continues to grow and differentiate, whereas its sister subordinate follicles plateau in growth and then regress. The dominant follicle of the first wave in two-wave cycles and of the first and second waves in three-wave cycles regresses. The dominant follicle of the final (second or third) wave responds to the decrease in circulating progesterone at luteolysis, and the subsequent increase in LH pulse frequency, with further changes that allow it to secrete sufficient estradiol to elicit the LH/FSH surge and ovulate in response to that surge. However, the dominant follicle of any follicular wave, including the first, can ovulate if the appropriate endocrine conditions are provided by induction of luteolysis (by injection of prostaglandin F 2␣ ) during its tenure of dominance. The first wave of the cycle is particularly useful for experimental purposes, because it begins at a predictable time, in the absence of the previous dominant follicle (which has just ovulated).
This manuscript will review some of the current literature on follicular selection. The most obvious sign that a follicle has been selected as dominant is a significant difference in size, compared to the largest subordinate follicle. This difference in follicular diameter, sometimes referred to as ''follicle deviation'' [2] is a consequence of an increased growth rate of the dominant follicle relative to the subordinate follicles. It is likely that selection of the dominant [3] for Days 3, 7, and 11; Badinga et al. [6] for Day 5; and Bridges and Fortune (unpublished results, n ϭ 4) for Day 8. follicle is a progressive process and that the initial stages of selection occur before there is a perceptible difference in size. Hence it is difficult, on the basis of current knowledge, to define when selection occurs. For the purposes of this review, selection will mean morphological selection, the detection of an evident difference in diameter between the two largest follicles of a wave. One approach to the question of the mechanisms of follicular selection is to compare the characteristics of follicles of a cohort before selection with the characteristics of selected, clearly dominant follicles. Another approach is to compare the characteristics of dominant and subordinate follicles, from the same animals, at specific times during a follicular wave. Results of studies in which these approaches were used will be reviewed below. These strategies of comparison, while not optimal, have helped to pinpoint key differences between dominant and subordinate follicles. Additionally, it is now possible to sample follicular fluid in vivo from follicles of a cohort to identify characteristics that precede, and hence are predictive of, morphological selection.
RECRUITMENT OF FOLLICULAR WAVES
It is clear that follicular waves are initiated by a rise in circulating FSH. In cattle and other species, follicular waves are preceded or accompanied by a small rise in FSH, and if this rise is inhibited or delayed, the follicular wave is inhibited or delayed (reviewed in [3] ). Exogenous FSH recruits greater than normal numbers of follicles to grow larger than 5 mm in diameter and, in superovulation protocols, increases the number of follicles available for ovulation. These effects of FSH are, at least to some extent, dose dependent because treatment with small amounts of exogenous FSH can produce codominant follicles [4, 5] . What is not as well understood is how only one dominant follicle is selected from among the cohort recruited by the small rise in FSH.
SELECTION OF FOLLICLES FOR DOMINANCE

Estradiol Production Is a Critical Characteristic of Follicles Selected for Dominance
A defining characteristic of the dominant follicle appears to be its greater capacity for estradiol production. As shown in Table 1 , concentrations of estradiol in follicular fluid were much higher in dominant follicles isolated on Day 5 of the estrous cycle than in recruited follicles on Day 3, whereas subordinate follicles on Day 5 had concentrations similar to recruited follicles on Day 3 [3, 6] . More recently, dominant and subordinate follicles were compared at specific times, relative to the appearance of a morphologically dominant follicle. As soon as the dominant follicle was detected as just slightly larger than the largest subordinate follicle, it had higher concentrations of estradiol in the follicular fluid [7] [8] [9] , and its granulosa cells secreted more estradiol in vitro [8] . It appears that the dominant follicle is the source of the higher circulating concentrations of estradiol and androgen detected in the peripheral (vena cava) circulation during the first follicular wave of the cycle, since concentrations of estradiol, androstenedione, and testosterone increase in the utero-ovarian vein draining the ovary bearing the dominant follicle but not in the contralateral utero-ovarian vein [10] . Secretion of estradiol, and perhaps androgen, by the dominant follicle is associated with termination of the rise in FSH and with maintenance of FSH at basal levels, respectively [10] [11] [12] . Although there is evidence that circulating inhibin also regulates FSH during the early luteal phase [13] , its role in controlling the interval between successive increases in FSH is not clear, since assays for dimeric inhibin have only recently become available for ruminants [14] .
What is different about the future dominant follicle that allows it to respond more robustly or earlier than the subordinates to the small rise in FSH that initiates the wave of follicular development? The dominant follicle may be uniquely positioned, by virtue of slightly larger size or a better blood supply, to respond to the rise in FSH and increase its secretion of estradiol. Careful ultrasonographic studies have shown that, early in a follicular wave, the future dominant follicle is, on average, slightly larger than others in the cohort [15, 16] . However, the difference in size is small and not always predictive of future dominance, which suggests that intrafollicular mechanisms within the dominant follicle allow it to amplify the effects of FSH and thus, respond much more robustly than the subordinate follicles to the rise in circulating FSH. Characteristics of the dominant follicle that may subserve its greater capacity for estradiol production have been examined by comparing recruited follicles, before morphological selection, with dominant follicles obtained after selection or by comparing dominant and subordinate follicles at specific times shortly after morphological selection. Those studies are reviewed in the sections that follow.
Characteristics of Recruited Versus Selected Follicles
A number of characteristics of recruited and selected follicles have been examined by reproductive biologists at the University of Missouri and presented in a series of papers (reviewed in [17] ). Follicles were obtained every 2 days during the first 10 days of the bovine estrous cycle and mRNAs for steroidogenic enzymes and gonadotropin receptors were examined by in situ hybridization. These studies allowed comparisons of recruited follicles (Days 0-2 of the wave) and selected follicles (Days 4-10), but dominant and subordinate follicles were not compared. As expected, selected follicles had significantly higher concentrations of estradiol in the follicular fluid than recruited or regressing follicles (Table 2) . In granulosa cells, levels of mRNA for P450 aromatase (aromatase), which converts androgens to estradiol, increased between 0 and 2 days after initiation of the wave, whereas in theca cells mRNA for P450 17␣-hydroxylase (17␣-OH), which converts progestins to androgens, increased between Days 2 and 4, concomitant with higher estradiol in selected follicles on Day 4 than in recruited follicles on Days 0-2 (Tables 2 and 3 [18] ). Changes were also observed in mRNAs for enzymes involved in progestin biosynthesis. Levels of mRNA for P450 side [19] and are mean intensity of hybridization Ϯ SEM; data for recruited and selected follicles are above and below the dashed line, respectively. b Different from Day 0 (P Ͻ 0.05).
chain cleavage enzyme (P450 scc ) were higher in granulosa cells of selected (dominant) follicles obtained on Day 4 of the wave than in recruited follicles obtained before selection (Table 3 [ 18] ). Expression of mRNA for LH receptor (LHr) was higher in theca and granulosa cells of selected follicles on Day 4 of the wave than in recruited follicles on Days 0-2 (Table 4 [19] ).
In a second series of experiments, the Missouri group isolated follicles every 12 h during the first 4 days of the first follicular wave to provide more information about changes specifically associated with selection of the dominant follicle. Expression of mRNA for FSH receptor (FSHr) in granulosa cells and for LHr in theca cells was greater in dominant versus recruited follicles by Day 2 of the wave [20] . Messenger RNA for LHr was not detected in granulosa cells during the first 24 h of the wave, but its expression was detected in one follicle per heifer around the time of selection (36-60 h of the wave) [20] . Additionally, mRNA for 3␤-hydroxysteroid dehydrogenase (3␤-HSD) had increased in theca cells of recruited follicles by Day 1 of the wave, compared with Day 0.5 and later in granulosa cells of selected versus recruited follicles by Days 1.5-2 [21] . Messenger RNA for steroidogenic acute regulatory protein (StAR) was not detected in granulosa cells but was elevated in theca cells of selected versus recruited follicles by Day 2 of the wave [22] .
Taken together, these interesting and comprehensive studies show that, early in a wave of follicular development, mRNA for aromatase increases in recruited follicles and that after selection, dominant follicles have higher levels of mRNAs for gonadotropin receptors and enzymes involved in androgen and progestin synthesis (17␣-OH, P450 scc , 3␤-HSD, and StAR) than recruited follicles. It has been hypothesized that the dominant follicle is selected because it acquires LHr on its granulosa cells and that this allows the cells to synthesize estradiol in response to LH, as well as FSH (reviewed in [2, 3] ). The findings of the Missouri group lend support to the idea that acquisition of LHr on granulosa cells may be a critical component of selection for dominance.
Characteristics of Dominant Versus Subordinate Follicles
Our laboratory took a different approach and compared characteristics of dominant versus subordinate follicles around the time of morphological selection of the dominant follicle. The dominant and two largest subordinate follicles were obtained on Days 2 and 3 of the first follicular wave of the cycle and levels of mRNA for steroidogenic enzymes and gonadotropin receptors were examined by in situ hybridization. We were particularly interested in comparing mRNAs for gonadotropin receptors in dominant versus subordinate follicles, to test the hypothesis that acquisition of LHr on granulosa cells is associated with selection of the dominant follicle. Contrary to this hypothesis, mRNA for LHr was not detected in granulosa cells of either dominant or subordinate follicles, although it was readily detectable in theca cells of the same follicles (Table 5 [8] ). In these experiments, the only difference detected between dominant and subordinate follicles on Day 2 of the follicular wave was that dominant follicles had much higher concentrations of estradiol in their follicular fluid and their granulosa cells secreted considerably more estradiol in culture. By Day 3 of the wave, additional differences were observed; compared to the dominant follicle, subordinate follicles had lower levels of mRNA for LHr and 17␣-OH in theca cells and for FSHr and aromatase in granulosa cells (Table 5) .
Therefore, when dominant and subordinate follicles were compared directly, very close to the time of selection (i.e., Day 2 of a follicular wave), the only difference noted, be- sides the small difference in follicular diameter, was in follicular capacity to produce estradiol. These data suggest that acquisition of LHr by granulosa cells is not a key component of follicular selection, since it appears to occur after, rather than before, selection has occurred. Similarly, Bodensteiner et al. [7] reported that increased estradiol in follicular fluid preceded an increase in gonadotropin receptors detected by radioreceptor assay. It is not clear why granulosa cells develop LHr. It was hypothesized that this allows the granulosa cells to increase aromatase in response to both FSH and LH or allows them to shift from FSH-to LH-dependence, and that this increases, or at least maintains, their capacity to produce more estradiol than subordinate follicles. However, there are no published reports of LH stimulation of estradiol production by bovine granulosa cells. We have cultured bovine granulosa cells, obtained from preovulatory follicles before the LH surge, with a very wide range of doses of LH (0.008-256 ng/ml) and have observed no stimulatory effects on aromatization of androgen to estradiol, although high doses of LH that simulate the LH surge inhibit estradiol production ( [23] ; unpublished data). In contrast, progesterone secretion by granulosa cells from bovine dominant follicles can be readily stimulated by LH [23] . On the other hand, LH does stimulate aromatization by granulosa cells from human and rat preovulatory follicles [24, 25] . However, in these species the corpora lutea synthesize estradiol, which makes it difficult to determine, without extensive dose-response studies, whether the estradiol production simply is due to luteinization of the granulosa cells in vitro in response to high doses of LH. Another possibility is that LHr develop on granulosa cells of dominant follicles to prepare them for further differentiation in response to the LH surge, rather than to augment or maintain their estradiol-secreting capacity. Further study is needed to determine the purpose of LHr on granulosa cells and to determine whether there are important species differences. At the same time, experimental evidence derived from studies with primates [26] and sheep [27] supports the hypothesis that LH is critical for the survival of the dominant follicle after the decline in circulating FSH. How LH maintains follicular viability and estradiol-secreting capacity is not as clear. There are at least two potential mechanisms, which need not be mutually exclusive. The theca cells may be the primary target for LH during this period of follicular development, and maintenance of thecal androgen secretion may be the limiting factor for estradiol production once dominance is established. There is evidence that production of progesterone by granulosa cells enhances thecal cell production of androgen by increasing the amount of available precursor [28] , so LH could increase progestin production by granulosa cells of the dominant follicle and thus indirectly increase estradiol production.
Potential Role of the Insulin-Like Growth Factor System in Selection of the Dominant Follicle
The findings discussed above suggest that some change(s) in the dominant follicle, other than acquisition of LHr by granulosa cells, drives its greater capacity for estradiol secretion and allows it to pull ahead of the subordinate follicles. Once this happens, the dominant follicle would be able to exert dominance via negative feedback on circulating levels of FSH, but it must also develop mechanisms that enable its continued survival in the face of lower FSH. There is increasing evidence that the insulin-like growth factor (IGF) system may play a critical part in selection of the dominant follicle. IGFs are believed to play [16] and represent the proportion of cohorts examined in which the future dominant follicle was greatest, intermediate, or least on Day 3 for a particular follicular characteristic. ''Undetermined'' means that the future dominant follicle and another follicle were the same. IGFBP concentrations were not determined in some cohorts due to insufficient sample.
FIG. 1. Hypothesized sequence of events during selection of the dominant follicle in cattle.
This model suggests that a critical event of functional selection is the induction by FSH of a protease for IGFBP-4 in one follicle of a cohort and that functional selection is quickly followed by morphological selection and further differentiation of the dominant follicle.
an important role in follicular growth by stimulating granulosa cell proliferation and synergizing with gonadotropins to promote differentiation of follicle cells [29, 30] . Targeted deletion of the IGF-I gene in mice leads to the development of an ovarian phenotype characterized by failure of follicles to ovulate, showing that IGF is absolutely required for normal follicular development [31] . The IGF system has a number of components, including two ligands (IGF-I and IGF-II), two receptors (type 1 and type 2), and six different IGF-binding proteins (IGFBP-1, -2, -3, -4, -5, and -6) (reviewed in [29, 30, 32, 33] ). The actions of IGFs are exerted mainly through the type 1 receptors, but binding of IGFs to their receptors can be modulated by the IGFBPs. Although both stimulatory and inhibitory effects of the IGFBPs on the actions of IGFs have been described in different target tissues [32, 34] , there seems to be consensus that IGFBPs are inhibitory to gonadotropin-induced follicular growth and differentiation [29, 30, 33] . Thus, changes in intrafollicular IGFBP levels may lead to changes in IGF bioavailability and hence, to up-or downregulation of gonadotropin actions on follicle cells. Most of the components of the IGF system have been identified in the bovine ovary. Messenger RNAs for IGF-I and -II were localized to granulosa and theca cells, respectively, of small antral, subordinate, and dominant follicles by Yuan et al. [35] , whereas Armstrong et al. [36] did not detect mRNA for IGF-I in theca or granulosa cells. IGF-I binds to both granulosa and theca cells [37, 38] and stimulates proliferation in vitro of granulosa cells from small antral follicles [37, 39] and estradiol production in vitro by granulosa cells from large antral follicles [37] . Although the expression of mRNAs for IGFs increases in dominant follicles, intrafollicular concentrations of IGFs are not correlated with follicular fluid estradiol concentrations [38, [40] [41] [42] [43] , suggesting that the actual bioavailability of IGFs at the follicular level is more likely determined by levels of the IGFBPs rather than by IGF gene expression in ovarian tissues. Bovine follicular fluid contains IGFBP-2, -3, -4, and -5 [38, 43] , and IGFBP-2 and IGFBP-4 mRNAs were localized to granulosa and theca cells, respectively [35, 44] . Although IGFBP-3 is the predominant species in the blood and in follicular fluid [45] , in most species examined, IGFBP-3 is expressed barely or not at all in ovarian tissues. Intrafollicular fluctuations in IGFBP-3 levels are thus, likely a reflection of changes in vascular permeability accompanying follicular development. Of more interest are the intrafollicular levels of low molecular weight (MW; Ͻ40 kDa) IGFBPs (IGFBP-2, -4, and -5), as they appear to be developmentally and hormonally regulated. Indeed, follicular fluid concentrations of low MW IGFBPs were higher in subordinate/atretic follicles compared to estrogenactive/dominant follicles [38, 40, 43, 46] .
The concentrations of low molecular weight IGFBPs in bovine follicles may be controlled by the level of gene expression in ovarian tissues, the degradation rate by local proteolytic activity, or a combination of both factors. IGFBP-2 and -4 appear to be the major binding proteins produced in ovine and bovine follicles [35, 44, 47] . In bovine follicles, IGFBP-2 mRNA expression was localized by in situ hybridization to granulosa cells of small-and medium-sized antral follicles, but was absent in healthy, large (Ͼ8-mm) or dominant follicles. Further evidence in support of hormonal regulation of IGFBP-2 at the level of mRNA expression was provided by the finding that FSH inhibited IGFBP-2 mRNA expression in cultured granulosa cells obtained from medium-sized, bovine follicles [44] . In the same study, IGFBP-4 mRNA was localized to theca tissue of healthy antral follicles, regardless of the size class, and was stimulated by LH in primary cultures of theca cells obtained from medium-sized follicles. These findings suggest that intrafollicular IGFBP-4 is regulated at the level of degradation and indeed, our laboratory has reported increased IGFBP-4 protease activity in follicular fluid of dominant versus subordinate bovine follicles [48] . Additionally, we have recently developed and validated a model for inducing the development of codominant follicles in cattle by injecting small doses of recombinant bovine FSH (rbFSH) during the expected time of dominant follicle selection [5] . Interestingly, size (as assessed by ultrasonography) and concentrations of estradiol and IGFBP-4 proteolytic activity in the follicular fluid were similar for the two codominant follicles of the rbFSH-treated animals (Table 6). Follicular diameter and IGFBP-4 proteolytic activity were also similar to the single dominant follicle of control heifers and greater than the largest subordinate follicle of controls.
It is worth emphasizing that all of the studies previously mentioned have evaluated the involvement of the IGF system in bovine follicular development in follicles obtained just after the time of morphological selection or in follicles whose stage of development was undetermined (slaughterhouse ovaries). To determine whether the differences observed are important components of the acquisition of dominance, studies addressing the role of the IGF system at the critical times of follicle selection are needed. In this regard, Mihm et al. [16] used this approach recently and reported that when follicular fluid was sampled in vivo on Day 1.5 of the first follicular wave (Day 3 of the cycle), the follicle with the lowest concentration of IGFBP-4 always became the dominant follicle (Table 7) . In contrast, concentrations of the other low MW IGFBPs (IGFBP-2 and -5) were not predictive of future dominance, and IGFBP-4 concentration was more predictive than follicular fluid estradiol or follicular diameter at this early stage of the follicular wave. It is tempting to speculate that the lower concentrations of IGFBP-4 observed in the dominant follicle before morphological selection are the result of elevated levels of IGFBP-4 proteolysis in the future dominant follicle and that these differences, by increasing bioavailable IGF, mediate the greater capacity of the dominant follicle to produce estradiol. Further studies are needed to test this hypothesis, which is outlined in Figure 1 .
DIFFERENTIATION OF DOMINANT FOLLICLES
Dominant follicles continue to differentiate after selection. Interestingly, follicles selected during the luteal phase exhibit a downregulation of estradiol-producing capacity, as evidenced by progressive decreases in follicular fluid estradiol shortly after morphological selection (Tables 1 and  2 ). Experiments by the Missouri group showed that levels of mRNA for steroidogenic enzymes and gonadotropin receptors in the dominant follicle also begin to decline soon after selection has occurred (Tables 3 and 4) . If luteal regression occurs or is induced during a follicle's tenure of dominance, the downregulation of estradiol production can be reversed. Estradiol concentrations in the follicular fluid increase, and this is associated with an increase in mRNA for 17␣-OH and increased androgen secretion, without a change in mRNA for aromatase [49] . Thus, it appears that dominant follicles can ''coast'' for at least several days after selection and still respond to the increased LH pulse frequency that accompanies luteal regression by an increase in estradiol during the ensuing follicular phase.
SUMMARY AND CONCLUSIONS
Much progress has been made toward determining how dominant follicles differ from their companion subordinate follicles. The application of ultrasonographic imaging to bovine ovaries to follow individual follicles of a cohort from day to day was the technological advance that made this progress possible. The ability to increase estradiol production in advance of subordinate follicles appears crucial to the success of the dominant follicle. Changes in components of the intrafollicular IGF system, particularly the inhibitory, low MW IGFBPs, have emerged as critical components of the mechanisms that allow the future dominant follicle to secrete more estradiol. The more recent development of methods for sampling follicular fluid, without disturbing the normal pattern of follicular growth, is another important technical development that should allow future advances. It appears that in follicular selection the race goes to the follicle first ''off the blocks'' in acquiring characteristics that amplify follicular estradiol secretion. Why only one follicle acquires these characteristics remains to be determined.
